The biomechanics of living tissues are critical to normal tissue function and disturbances in these properties are widely implicated in aging and disease. Protein fibres of the extracellular matrix (collagen and elastin) are the fundamental mechanical structures in connective tissues such as bone, cartilage and vasculature. We applied Brillouin light scattering (BLS) spectroscopy and quasistatic stress-strain testing to the study of the mechanics and structure of collagen and elastin fibres purified from connective tissues. BLS probes mechanical properties on a microscopic scale in biological tissues and thereby providing insights into structure-function relationships under normal and pathological conditions. The sensitivity of BLS measurements to fibre structure and hydration was investigated using samples mounted onto reflective substrates. We obtained a complete characterization of the mechanical tensor and elastic moduli which could be compared with complementary data from quasistatic stress-strain measurements at different hydration levels, hence giving the full description of fibre viscoelasticity.
INTRODUCTION
Biological fibres of collagen and elastin proteins are the fundamental mechanical structures in connective tissues such as bone, cartilage and vasculature. Their micromechanics has been the subject of detailed analysis [1] [2] [3] aimed at characterising properties that are relevant for the development of biomaterial and biopolymer sciences. Brillouin spectroscopy based on inelastic light scattering from acoustic waves or phonons is a high-frequency technique that gives access to the viscoelastic properties of materials such as natural biopolymers on a molecular scale. In the case of symmetric structures such as oriented protein fibres, the adoption of a platelet-like configuration provides the full characterisation of the stiffness tensor and elastic moduli of the fibres 2, 4 . Improvements in spectrometer design and contrast attained with a tandem-multipass Fabry-Perot (TFP) interferometer have enabled us to achieve accurate values of elasticity constants for collagen and elastin fibres, the ligament and articular cartilage 5 , and to study of the effect of hydration on the Brillouin peaks of collagen and elastin fibres 6 . In our laboratory, we have undertaken an in-depth investigation of the biomechanics of extracellular matrices in connective tissue and, through a microfocused Brillouin approach, we have achieved the first micromechanical mapping of epithelial tissue in Barrett's oesophagus biopsies 7, 8 and of Alzheimer's brain in mice models of the disease 9 . The measurement of acoustic spectra in Brillouin scattering was assisted by the acquisition of Raman spectra from the same position within the sample, to achieve simultaneous chemo-mechanical mapping with high spectral resolution and unprecedented contrast 10, 11 . Novel approaches to Brillouin spectral analysis include nonscanning etalon systems, such as the angle-dispersive FabryPerot interferometer introduced by Koski & Yarger to map the longitudinal acoustic frequency shift across a solid-liquid interface 12 . The coupling with a scanning confocal microscope allows for spatially resolved Brillouin spectra from various positions within heterogeneous samples. This was followed by the development of multistage virtually imaged phase array (VIPA) spectrometers 13 for rapid mapping of the Brillouin scattering spectral information of sample materials.
paving the way to a range of applications in biomedical sciences and has already been demonstrated in vivo in the human eye 14 , with potential translation of ocular biomechanics into clinical practice 15 . Further developments require detailed analysis of the origin of Brillouin peaks and their significance to provide a novel contrast mechanism for diagnosis of pathology and identification of novel targets for therapy. Besides, there are open questions in biology and normal physiology about the role of mechanical forces in various processes that can benefit from a nondestructive highresolution technique. It is therefore key to achieve an in-depth understanding of the dynamics and structural mechanisms contributing to the mechanical response of biological matter at different scales.
In this contribution, we present the mechanical properties of the protein fibres of the extracellular matrix determined through a dual frequency approach, using Brillouin spectroscopy and correlative quasistatic tensile testing. The effect of different strains and hydration levels on the Young's moduli of the fibres is analysed and discussed.
MATERIALS AND METHODS
Measurements were made on trypsin-digested type-I collagen from rat tail tendon, bovine nuchal ligament elastin and equine articular cartilage. Samples were purified according to the procedures described in refs 5, 6. Brillouin spectra with polarisation resolution were obtained as previously described 5, 6 using an improved platelet-like configuration with the sample mounted onto a reflecting substrate, realizing a 90° scattering geometry to achieve the full elasticity tensor of the fibres. Quasistatic uniaxial stress-strain measurements of collagen and elastin fibres were performed using a lab-built tensile testing device consisting of a controlled humidity chamber with a Peltier heater, using saturated salt solutions in distilled water at 30°C (the temperature was monitored throughout the mechanical tests using a submerged thermocouple; RS Temperature/Voltage Converter -Type K). Sodium chloride, sodium bromide and sodium iodide (all Sigma-Aldrich products) producing 85%, 65% and 46% relative humidity (RH) at saturation in distilled water were used. Distilled water (100% RH) and paraffin oil (Fluka; 21% RH) were also employed. To ensure a closed environment, the solution bath was sealed with a removable lid, featuring thin tracks allowing for the movement of the sample anchors under changing strain, whilst the whole stage was further enclosed in Perspex casing. RH and air temperature were measured simultaneously, before and after each mechanical testing, using a PCMini52 digital RH/temperature probe (Mitchell Instruments PCMINI52+4+XX+H+X+CB+F46) single point calibrated to 49.4% RH with a precision of ±5% RH and ±0.2°C. For each measurement, a fibre sample was suspended inside the humidity chamber, approximately 5 mm above the solution, and allowed to equilibrate to the ambient humidity for up to 2 hours prior to anchoring. Following preconditioning, three consecutive stress-strain extension/relaxation cycles to 5% strain and latterly 10% strain at 0.25 mm/min were conducted. Each measurement was replicated so that three stress-strain plots per sample per strain were acquired. Fit analysis to a linear function was applied to each plot to extract the gradient and hence the Young's modulus. Figure 1 shows the Brillouin spectra of both dry (a) and hydrated (b) collagen and elastin fibres, and articular cartilagemainly type-II collagen fibres. A Brillouin spectrum of pure distilled water is also shown.
RESULTS
Brillouin spectroscopy probes mechanical properties through the propagation of acoustic phonons, giving rise to resonances in the GHz frequency range. We are effectively at the beginning of a new era whereby GHz spectroscopy is Elastin fibres elastomer, wh all present 17 . hence smaller for both prote the disappear extension und . Passing from liquid-like to solid-like behaviour, the divergence of viscosity η and of the corresponding structural relaxation time τ is associated with values of G and E that change by orders of magnitude, from zero up to a finite value, while the value of M only increases by the term 4G/3. Such liquid-to-solid transitions correspond to the development of arrested states of matter, i.e. to the blocking of motions on a molecular scale, like in glass-transition phenomena. In the present case of wet elastin, arrested states, usually induced either by physical (temperature or pressure) or chemical (polymerization) changes, seem to be triggered by the reduction of moisture content. In fact, the two-orders-of-magnitude increase of the Young's modulus for reduction from 100% to 21% RH cannot be simply explained in terms of ideal mixing of elastic constants of the components. Rather, it may be generated either by the divergence of a molecular contribution to viscosity 30 -i.e. to structural relaxation time, according to the Maxwell's viscoelasticity law η = G ∞ τ -or by the development of an increasing number of cross-links 31 among elastin fibres, or both effects.
Viscoelastic effects are also responsible for the difference between low frequency (quasistatic) and high frequency (GHz) values of the moduli. To explain this phenomenon in details, the complex pattern of dispersions should be revealed in the whole Hz-GHz frequency region and related to the molecular dynamics at the different time and space scales of this heterogeneous material. Moreover, stress-strain measurements are isothermal, whilst Brillouin measurements are at hypersonic frequencies and probe the adiabatic stress-strain response. The ratio of adiabatic over isothermal longitudinal modulus is equal to the ratio of heat capacities Cp/Cv. Although this can account for different moduli derived from the two techniques, viscoelasticity appears to play the major role in the two orders of magnitude difference between elastin's moduli. This will be the subject of further investigations.
Future work will be focused on stress-strain measurements conducted within a polarised NIR-Raman microscope, to reveal mechanical changes in correspondence of structural deformations of fibres under strain for a complete characterisation of fibre biophysics.
